Abstract. As a first step in determining whether there are polymorphisms in the nicotinic acetylcholine receptor (nAChR) genes that are associated with nicotine addiction, we isolated genomic clones of the ␤2-nAChR genes from human and mouse BAC libraries. Although cDNA sequences were available for the human gene, only the promoter sequence had been reported for the mouse gene. We determined the genomic structures by sequencing 12 kb of the human gene and over 7 kb of the mouse gene. While the sizes of exons in the mouse and human genes are the same, the introns differ in size. Both promoters have a high GC content (60-80%) proximal to the AUG and share a neural-restrictive silencer element (NRSE), but overall sequence identity is only 72%. Using a 6-Mb YAC contig of Chr 1, we mapped the human ␤2-nAChR gene, CHRNB2, to 1q21.3 with the order of markers cen, FLG, IVL, LOR, CHRNB2, tel. The mouse gene, Acrb2, had previously been mapped to Chr 3 in a region orthologous to human Chr 1. We refined mapping of the mouse gene and other markers on a radiation hybrid panel of Chr 3 and found the order cen, Acrb2, Lor, Iv1, Flg, tel. Our results indicate that this cluster of markers on human Chr 1 is inverted with respect to its orientation on the chromosome compared with markers in the orthologous region of mouse Chr 3.
Introduction
The effects of nicotine are mediated by neuronal nicotinic acetylcholine receptors (nAChRs), which are ligand-gated ion channels that respond to the neurotransmitter acetylcholine. These receptors are composed of various combinations of subunit proteins designated ␣-and ␤-subunits, allowing formation of receptors with diverse properties. Each subunit contains an N-terminal signal peptide, a large extracellular domain, three transmembrane domains, a large cytoplasmic domain, and a fourth transmembrane domain followed by a short extracellular C-terminal domain (Lindstrom 1997) . Eleven subunits of the nAChR have been identified. Each of the subunit proteins is encoded by a distinct gene, and sequences have been determined for nine human subunit cDNAs (Anand and Lindstrom 1990; Elliott et al. 1996; Groot-Kormelink and Luyten 1997) , and cDNA probes have been used to map the location of eight of the genes on chromosomes (Orr-Urtreger et al. 1995; Eng et al. 1991; Anand and Lindstrom 1992) . The genomic structure has been determined only for the ␣7 subunit (Gault et al. 1998) .
The ␤2-subunits are of particular interest because they are the most widely expressed in the nervous system and participate in over 90% of the high-affinity nicotine-binding sites in the brain (Lindstrom 1997) . Chronic nicotine administration produced an increase in nAChRs in the CNS of rats, and the up-regulated receptors were shown to be composed exclusively of ␣4-and ␤2-subunits (Flores et al. 1997) . In contrast, mice carrying a knockout mutation for ␤2 nAChR had no high-affinity binding sites for nicotine in their brains. They showed no response to nicotine and exhibited abnormal avoidance learning . Transcription of other subunits was not upregulated to replace the ␤2-subunit, nor was the expression of other subunits altered in response to the lack of ␤2-subunit in the mutant mice.
The human ␤2-nAChR gene, CHRNB2, was mapped to Chr 1 on a hamster/human somatic cell hybrid mapping panel by restriction fragment length polymorphisms on Southern blots (Anand and Lindstrom 1992) . Seven of the mouse AChR genes have been mapped (Orr-Urtreger et al. 1995; Eng et al. 1991; Bessis et al. 1990) , and the mouse ␤2-subunit gene, Acrb2, has been mapped to Chr 3, where it cosegregated with the amylase gene, Amy, in a backcross panel (Bessis et al. 1990) . As a result of mapping of the human amylase gene, AMY, to 1p, CHRNB2 was subsequently assigned to 1p21, a region orthologous to mouse Chr 3 (Anand and Lindstrom 1992) .
Although three human cDNA sequences and one promoter sequence for the mouse ␤2-nicotinic receptor gene had been published, no sequences were available for the human ␤2-nicotinic receptor gene promoter or the mouse gene coding sequences. The mouse promoter had been extensively characterized . The region proximal to the start of translation was shown to be extremely GC rich (80-90%) and to carry a NRSE element, which restricts expression of the gene to neuronal cells. The NRSE element is also present in a number of other neuronal promoters (see Bessis et al. 1995; Schoenherr et al. 1996) . Recently a dual activity of NRSE as an enhancer or silencer has been recognized (Bessis et al. 1997) .
Cigarette smoking is a major preventable cause of cancer, morbidity, and premature mortality. Smoking is a complex behavior influenced in part by nicotine sensitivity, and differences in sensitivity may be a factor in determining which individuals are likely to become addicted to nicotine. Our goal is to determine whether there are polymorphisms in the nAChR genes that are associated with nicotine addiction. The fact that the available human cDNA sequences did not contain any differences in the coding regions and that polymorphisms are frequently located in noncoding regions of genes led us to conclude that the entire ␤2-nAChR genomic sequence was needed. Since comparative genomic analysis has been successfully used to define evolutionarily conserved regions between mouse and human and to identify new genes or regulatory elements within intergenic regions, the mouse ␤2-nAChR gene sequence would also be of interest. We describe isolation of human and mouse genomic ␤2-nAChR clones, includ-ing the promoters, sequencing of the genes to determine their structure, and more precise mapping of both the human and mouse genes.
Materials and methods
Probes. cDNA was made from total human brain RNA with an RT-PCR kit from Clontech (Palo Alto, Calif.) with oligo(dT) priming, and human ␤2 cDNA primers (nt 275 forward and 564 reverse from U62437) for PCR. The cDNA fragment was used as a probe for Southern blot hybridization and for identification of the human gene in the BAC libraries. A second human cDNA, primed from nt 765 forward and nt 1584 reverse, chosen because of sequence conservation in this region between human and rat cDNAs (Deneris et al. 1988) , was used as probe for isolation of the mouse gene. Specificity of the probes was confirmed by sequencing.
Isolation of BACs. High-density filters of human genomic BAC library RPCI11 segment 3 were purchased from Roswell Park Cancer Institute (Buffalo, N.Y.), and those of a C57BL/6 mouse genomic BAC library were purchased from Genome Systems (St. Louis, Mo.). The filters were hybridized to the cDNA probes as previously described (Lueders et al. 1993 ).
Screening of the human library identified eight positive BACs. Four of these (581O16, 627K14, 635B14, and 720B10) were confirmed to contain the human ␤2-nAChR gene. Two BACs from the mouse library (26F19 and 135I14) reacted with the probe, and each was subsequently confirmed to contain the mouse ␤2-nAChR gene.
Sequencing. A 12-kb EcoRI fragment of the human gene from RPCI BAC 627K14 and a 9-kb HindIII fragment from Genome Systems BAC 26F19 were isolated and cloned into pUC18. A partial mouse cDNA was synthesized from N4 neuroblastoma total RNA with RT-PCR. Sequencing primers were from the human cDNA (#U62437), the mouse promoter (#X82655), and rat cDNA (#L31622) and are available on request. Sequencing was done with an ABI PRISM d-rhodamine terminator kit from PE Applied Biosystems (Foster City, Calif.) with 0.5 of the recommended reaction and run on an ABI Prism 310 Genetic Analyzer. Sequences have been deposited in Genbank under the following accession numbers: human ␤2-nAChR gene (promoter-intron 5) AF077186; human gene (intron 5-exon 6) AF085464; mouse ␤2-nAChR gene (promoter-intron 5) AF077187; partial mouse cDNA AF089739.
Sequence analysis. Sequences were assembled and translated with the GCG Light program at http://molbio.info.nih.gov/molbio/gcglite. The BLAST program (Altschul et al. 1990 ) was used for comparisons with Genbank. Repetitive sequences were located with the RepeatMasker program (http://ftp.genome.washington.edu/RM/RepeatMasker.html). The Transcription element search system (TESS) was used to identify such motifs at http://www.cbil.upenn.edu/tess.
Rotating field gel electrophoresis (ROFE) of YACs. The YAC
clones were obtained from CEPH-Généthon and have been extensively characterized (Marenholz et al. 1996) . Agarose-embedded DNA from YAC clones was digested overnight with 30 units SalI and separated in a 1% agarose gel by ROFE (Ziegler and Volz 1992) Mapping of DNA markers on YACs. Purified cloned cDNA inserts were used as probes: for CHRNB2 we used the same probe used for isolation of the mouse gene; for S100A4 a 333-bp fragment of clone1007n11 (I. Marenholz et al., in preparation) was used. The origin and generation of the other probes (S100A6, D1S3619, D1S3626, D1S3627, and D1S3628), Southern blotting, labeling of probes, and hybridization, as well as PCR of D1S305, have been described previously (Marenholz et al. 1996) .
Radiation hybrid typing. The T31 panel of DNA from 100 mousehamster RH clones was purchased from Research Genetics (Huntsville, Ala.). PCR primers for loci defined by amplification of markers described by MIT (Dietrich et al. 1994) were obtained from Research Genetics.
Primers for Acrb2: TATGGAAGCAGAGAAGGGGG and TT-GAGAGTGGGAGGGAGACAAG (nt 548 forward and 810 (#X82655; Bessis et al. 1995) were from the promoter region to minimize crossreaction with hamster DNA. For Cacy, which is also known as D3Nds7, we used D3Nds7 primers TGCTCCTCACCGTCATGC and TAGTGTTTGC-CATGGCTCTC (Wicker 1994) .
PCR was carried out in 96-well plates in a 10-l volume of 1.5 mM MgCl 2 , 10 mM TrisHCl, 50 mM KCl, and 200 mM each dNTP. The reaction also contained 20 ng of genomic DNA, 1-2.5 pmole each primer, 0.05% BSA, and 1 l 2% cresol red in 60% sucrose. After the reaction was heated at 94°C for 10 min, Taq polymerase (0.04 U) was added. Cycling parameters were 94°C 45 s, 55°C 40 s, 72°C 40 s for 35 cycles, with a final extension of 5 min. Analysis of the reaction product was performed on 2% Seakem LE agarose gels (FMC Bioproducts, Rockland, Me.) in 0.5× Trisborate buffer, pH 8.3. After electrophoresis for 30-45 min at 200 volts, fragments were visualized with ethidium bromide staining. Genetic data were stored in Map Manager QTb19, an enhanced version of Map Manager Classic (Manly 1993) at http://mcbio.med.buffalo.edu/mmOT.html. Genetic analyses were performed with this program. Map distances and LOD scores were calculated according to Cox et al. (1990) 
Results
Isolation and characterization of genomic clones of ␤2 nicotinic receptor genes. After isolation as BACs, fragments of the mouse and human ␤2-nAChR genes were subcloned into plasmids for further characterization. The human gene clone extended from 3.4 kb upstream to 8.25 kb downstream of the AUG, the position at which the longest previously available cDNA sequence of 2448 nt (U62437) ended. Exon sequences from our human genomic ␤2-nAChR clone were indistinguishable from those of this and the two other cDNAs in Genbank (Anand and Lindstrom 1990; Elliott et al., 1996) and Genbank #Y08415. The overall structure of the human gene, beginning at the AUG, is shown in Fig. 1 . The gene has six exons. The coding sequences are interrupted by five introns ranging in size from 183 bp to over 3 kb; the longest of these is intron 5.
We sequenced 7.2 kb of the mouse ␤2-nAChR genomic clone, including 1.4 kb upstream of the AUG. Only the promoter region had previously been sequenced. Overall structure of the mouse gene, beginning at the AUG, is shown on the bottom in Fig. 1 . The plasmid clone of the mouse genomic sequence ended at a HindIII site in intron 5. We were unable to isolate sequences 3Ј to this region from either of the mouse BACs or from genomic DNA even with the use of primers based on sequences highly conserved between the rat and human genes. We were also unable to isolate mouse cDNA sequences for exon 6. Mouse cDNA sequences were used to determine the other exon/intron boundaries.
Comparison of the genes showed that for exons 1-5, the structure of the human and mouse ␤2-nAChR genes was very similar (Fig. 1) . The human and mouse exons are identical in size. Although the introns are of different lengths, the relative sizes of the introns are conserved, i.e., intron 2 is the shortest and intron 5 the longest in both species. Exon/intron boundaries for the genes conform to the gt/ag rule. There was generally little recognizable similarity between the introns in the two species beyond that at the ends of the introns (for an exception see below).
Conservation of the amino acid sequences of the human, mouse, and previously characterized rat genes was remarkably high in some regions, as shown in Fig. 2 . The ␤2-nAChR gene is 502 amino acids long. The greatest identity is present in exon 5, which encodes the three transmembrane domains (marked I-III in Fig. 2) , while the greatest variation is present in the 25 aa signal peptide, 21 aa of which are encoded by exon 1, and 4 aa by exon 2. The signal peptide in mouse is the same length as that in human, and both are 4 aa shorter than that in the rat gene. The cytoplasmic domain between transmembrane domains III and IV is also a poorly conserved region between the human and mouse genes. This nonconservation had been noted previously in a comparison of human and rat cDNA sequences (Anand and Lindstrom 1990) .
Characterization of promoter regions. Our sequence extended 3376 bp upstream of the AUG on the human ␤2-nAChR gene, and the 1377 bp immediately upstream of the AUG are shown in Fig.   3a . Previously available 5Ј sequence from the cDNAs had extended only 253 bp upstream of the AUG. Factor binding sites identified by the TESS program included a NRSE, multiple Sp1 sites, AP-2, Oct-1, and c-ets sites. A TATA box is present at −1222, but there is no CAAT-box, although the sequence CCAAAT is present 45 nt upstream of the TATA. Our mouse promoter sequence (not shown) shared over 99% identity with the previously published sequence . In addition to the previously identified Sp1 sites, NRSE, CRE, and Oct-1 site, the TESS program also identified AP-2 and c-ets sites and an atypical TATA. Promoters from both species have polypurine and polypyrimidine stretches, and are extremely GC rich (nearly 80%) in the 100 bp proximal to the AUG.
Overall identity between the human sequence shown in Fig. 3a and the comparable mouse sequence was 72%. Four regions that showed the highest sequence identity between the human and mouse genes upstream of the AUG are boxed in Fig. 3a . Two of the conserved regions included polypurine and polypyrimidine stretches, and one of these also contained an Sp1 site. Another region, in which the promoters share 100% identity, includes the NRSE element. A schematic comparing the location of various elements in the two promoters is shown in Fig. 3b .
Repetitive elements. Introns 3 and 5 from both species contain repetitive sequences, as shown in Fig. 1 . Intron 3 has 34 bp of sequence which is 88% conserved between the species. In the human, this sequence makes up the 3Ј end of the MIR repeat element; it is a similar distance upstream of exon 4 in both species.
Physical mapping of the human gene. The mouse ␤2-nAChR gene, Acrb2, had been mapped to Chr 3 in a backcross of 75 animals, in which it cosegregated with Amy (Bessis et al. 1990 ). Subsequently, the human ␤2-nAChR gene, CHRNB2, was assigned to 1p21 by virtue of its cosegregation with AMY in a panel of 18 hamster/human somatic cell hybrid DNAs, thus establishing orthology between human Chr 1 and mouse Chr 3 (Anand and Lindstrom 1992) . The position of Acrb2 on the MGD: Mouse Chromosome 3 Linkage Map (http://www.informatics.jax.org) and Chr 3 Committee map (Myrick and Wakeland 1998) , however, suggested that CHRNB2 would be expected to map to the orthologous region of 1q21 rather than 1p21.
Work in one of our laboratories had extensively characterized the region of 1q21 in which the human gene would be expected to be located, and developed a 6-Mb YAC contig for physical mapping. To test for the presence of CHRNB2, we performed Southern hybridizations with filters that contained SalI restricted Comparison of the human, mouse, and rat amino acid sequences of the ␤2-nAChR genes. Human and mouse amino acid sequences are from our data and rat cDNA sequences from #L31622. Arabic numbers indicate the beginnings of the respective exons (1-5). Roman numerals (I-III) show the location of transmembrane domains. Domain IV is encoded by exon 6, for which no mouse sequences are available. Hu ‫ס‬ human, Mu ‫ס‬ mouse, Ra ‫ס‬ rat, X ‫ס‬ unknown amino acid.
DNA of all 24 YACs constituting the 6-Mb YAC contig (Marenholz et al. 1996) . The probe for CHRNB2 reacted with three of the YACs: 951 f 6, 954 g 11, and 950 e 2. YAC 950 e 2 has been mapped to 1q21.3 by FISH. Since the hybridization signal (Fig. 4a) corresponded to a restriction fragment that also contains the marker D1S3626, CHRNB2 was placed distal to S100A6 and S100A4 on the physical map of 1q21, as shown in Fig. 4b . The distance of about 1100 kb between these genes has also been confirmed on the genomic long-range restriction map of 1q21 (data not shown). Subsequently, we determined that the D1S3626 marker is also present on the BAC carrying CHRNB2 (not shown).
Physical mapping of the mouse gene. Our mapping results gave a somewhat different order for the human markers in this region of 1q21 from those on the consensus map of the orthologous region of mouse Chr 3. While the orientation of two genes in human was cen-FLG-LOR-tel (Marenholz et al. 1996) , the orientation of these genes in mouse was reported to be cen-Lor-Flg-tel (Rothnagel et al. 1994) . Markers crucial for determining the order of the other mouse genes had not been mapped on the same crosses, leading to some uncertainty about the order. We thus carried out additional mapping using a radiation hybrid (RH) panel for mouse Chr 3. Mouse orthologs for six genes (FLG, IVL, SPRR3, SPRR1B, SPRR2A, and LOR) located within a 2000-kb region proximal to the human ␤2-nAChR gene (see Fig. 4b ) had already been mapped on this RH panel (Song et al. 1999) . We mapped the mouse ␤2-nAChR gene, 10 MIT markers, and Cacy, the mouse ortholog of human S100A6. The order of the mouse genes is shown in Fig. 4c .
Comparison of the human and mouse chromosome maps.
A comparison of the marker order for orthologous regions of human 1q21 and mouse Chr 3 is shown in Fig. 4c . Mouse simple sequence markers (MIT markers), whose relative order on Chr 3 had previously been determined in a large number of studies, were used to establish orientation on the chromosome with respect to the ends. These markers do not have counterparts in human. Eight genes shared between mouse and human were also mapped in this interval. The relative distances between the genes are similar, except for the distance between LOR and S100A6, which is shorter on the human map. Our results show that although the order of the genes relative to one another is the same in human and mouse, the whole region is inverted in one genome relative to the other.
Discussion
Nicotine is a widely used drug that causes its effects by interacting with nAChRs. Much of the current knowledge about the structure and function of the nAChRs has been derived from cDNAs from species such as rodents and chicken (Sargent 1993; Gotti et al. 1997) . Genomic sequences have not been available for any of the nAChR genes. We have sequenced human and mouse ␤2-AChR genomic clones, allowing us to define their genomic organization and to do comparative analysis of the genes. We found conservation of the overall organization of the genes in the two species. Amino acid sequences were extremely well conserved in the transmembrane domains, with one conservative (V to I) change. The signal peptide and cytoplasmic region were more variable. Many differences were conservative, and the sequence of the mouse gene was more similar to that of the rat gene than to that of the human gene, as expected.
The genomic organization of the human ␣7-nAChR gene was recently determined with a YAC contig (Gault et al. 1998 ). The ␣7-gene has 10 exons and covers a region of 75 kb, including duplication of part of the gene, and is thus much larger and more complex than the ␤2-nAChR gene. Expression of the duplicated sequences, as well as some novel exons, presents a formidable challenge for mutation screening of the ␣7 gene.
Promoters for genes in different species are not expected to have the high degree of identity found in coding sequences, and this was the case for the human and mouse ␤2-nAChR gene promoters. The regions showing the highest identity did not contain any identifiable transcription factor binding sites with the exception of an Sp1 site and the 21 bp NRSE, in which the two genes shared complete identity.
The human and mouse ␤2 gene promoters contained some common transcription factor binding sites, such as AP-2, Sp1, c-ets, Oct-1, and CACCC sites, but their positions were not conserved. Sites for AP-2 and Sp1 have also been found in other GC-rich promoters, including other ligand-gated ion channel genes Bessis et al. 1993 ) and the recently characterized human ␣7-nAChR gene. Both Oct1 and CACCC-binding factors can interact with glucocorticoid receptor, and regulation by glucocorticoids has been proposed for the human ␣7-nAChR gene (Gault et al. 1998) .
We mapped the human ␤2-gene to 1q21. The gene is located at the telomeric end of the epidermal differentiation complex (EDC) in a region of high gene density (Vos et al. 1995; Marenholz et al. 1996) . In this context, it is of interest that human epidermal keratinocytes have been reported to express nAChRs, including the ␤2-subunit (Grando 1997) . We also mapped Acrb2 and Cacy on a mouse radiation hybrid panel relative to six other mouse genes for which orthologs had been mapped to 1q21. We found that the order of the genes relative to one another is the same in human and mouse. A similar conclusion was reached by Vos and associates for a group of genes distal to the ␤2-nAChR gene (Vos et al. 1995) . Their analysis included three mouse markers (D3Mit49, D3Mit29, and Cacy/D3Nds7) and the human S100 cluster markers we also used for mapping. Our map agrees with the maps presented by Vos et al. (1995) and DeBry and Seldin (1996) rather than with the Chr 3 Committee report (Myrick and Wakeland 1998) . Apparently the whole cluster of markers we examined on human Chr 1 is inverted with respect to its orientation on the chromosome compared with the cluster of markers in the orthologous region of mouse Chr 3.
Several examples of similar inversions of orthologous chromosome regions exist. One good example is the distal end of mouse Chr 6 and human 12p. The mouse homolog of KRAS, which is close to the centromere on 12p, is telomeric on mouse Chr 6, while homologs of markers telomeric on 12p, such as GAPD, are closer to the centromere on mouse Chr 6 (Elliott and Moore 1998). Another example is the proximal region of mouse Chr 7 and the long arm of human Chr 19. Although gene content, order, and spacing are well conserved through the whole related regions, an overall inversion of sequences relative to their position on the chromosomes exists (Stubbs et al. 1996) .
While this paper was under review, sequences for human ␤2-nAChR gene exons and some sequences at the exon/intron boundaries were reported, with inter-exon PCR to amplify genomic DNA (Rempel et al. 1998) . Our gene structure agrees with theirs in all respects except for the length of intron 4, which they estimated to be 1.5 kb, but which we found by sequencing to be 820 bp long. Their mapping of the gene to 1q21 by FISH agrees with our mapping results.
The ␤2-nAChR gene plays a central role as participant in the majority of high-affinity nicotine-binding sites in the brain (Lindstrom 1997). The ␤2-nAChR gene has a simpler structure than the ␣7-nAChR gene and is expressed as a single transcript (GrootKormelink and Luyten 1997), making it more amenable for screening human populations for polymorphisms with possible effects on nicotine addiction. Availability of the entire sequence of the human ␤2-gene, including the promoter, now provides a more extensive basis for designing reagents to carry out such experiments. ) and SalI restriction map of the region distal to the S100A gene cluster in 1q21 (lower part). Sizes of the fragments are from SalI-digested YACs of the contig. A 400-kb deletion as compared with the genomic restriction map is indicated. Open boxes show restriction fragments identified by Southern hybridization of the corresponding probes; the relative position of D1S305 was determined by PCR. The CHRNB2 probe hybridizes to the same fragment as D1S3626 (black box). The order of the hybridization markers D1S3619 to D1S3626 has been reversed in comparison to the previously published YAC contig owing to mapping of several new markers (Marenholz et al., in preparation) . The distance between S100A6 and CHRNB2 is approximately 1100 kb. (c) Comparison of human 1q21 and mouse Chr 3 maps. Distances between the markers are shown on a relative scale based on kb for the human chromosome on the left and on cR for the mouse chromosome on the right. Human S1006A ‫ס‬ mouse Cacy. Acrb2 and Flg are at positions 41.8 and 42.6 on the current map (Myrick and Wakeland 1998) . In addition to the mouse genes shown, we also typed D3Mit174, D3Mit212, and D3Mit139 proximal to Acrb2, and D3Mit157, D3Mit101, D3Mit75, and D3Mit12 distal to Flg. The markers are shown in the same order on both chromosomes; with this orientation on the chromosomes, the centromere (CEN) is at the top for 1q21 and the telomere (TEL) is at the top for Chr 3.
